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DYNAMICS OF THE SKYLAB WASTE TANK SYSTEM

G. Rupprecht, The Bendix Corporation, Denver, Colorado

ABSTRACT

The waste tank venting system is a source of contami-

nation for the Skylab space environment. Therefore

the possibility for an assessment of the vapor flow

rate under various conditions during and after liquid

dumps is desirable. The dynamics of the Skylab waste

tank venting system is discussed in terms of convenient

subsystems L Some representative test results are re-

ported and the experimental observations during a

waste tank simulation test are connected with the

mathematical model. During experimentation with C0 2

purges it was found that thesubllmatlon rate of ice

can be considerably c_anged by the presence of other

gases.

INTRODUCTION

The Skylab waste tank is a continuous source of contamination

of the space environment. For this reason it is important to know

the rate of vapor flow which is expected under different circum-

stances. Of particular importance are the quasi steady state vapor

flow rate and the time dependence of the flow rate during and after

waste dumps.

The basic parameters which allow such prediction were collected

during a simulation test of the Skylab waste tank performance at

Martin Marietta's Denver facility. A model is conveniently de-

veloped by considering the total waste tank as an interplay between

a number of subsystems which can be treated rather independently

because their interaction with one another is either weak or can be

readily described.

As an example the nonpropulslve vents of the waste tank can be

treated as such a subsystem. Another example is the pile of ice,

stored on the baffle of the waste tank. By virtue of its heat

capacity it acts as a "temperature buffer" for additional liquid

dumps. A buffer with negligible heat capacity is given by the

considerable volume of the waste tank which acts as a "pressure

buffer."
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DESCRIPTIONOFTHE WASTE TANK

The waste tank which was used for simulation is a metal con-

tainer with a total volume, V-80,4 m 3 which is divided into three

compartments as shown in figure i. The compartments are separated

by finely meshed screens which prevent solid particles >l_m from

passing. The top compartment has a volume VI=7.3 m 3 and contains

a baffle fabricated of relatively thin plastic material, The baffle

supports the ice pile which forms during liquid dumps through a

nozzle situated at the top of the upper compartment and prevents

the ice from coming into contact with the screen. As indicated in

figure 1 the ice pile is partially enclosed by the baffle and for

this reason the radiative heat transfer from the temperature con-

trolled walls of the top compartment to the ice pile is partially
2

attenuated by the baffle, The area of the screen is about A=II m .

The middle compartment has about ten times the volume of the upper

and lower compartment. The lower compartment is open to the outside

of the waste tank by two pipes of length L-34 cm and inner diameter
2

of d-3.81 cm, corresponding to a cross sectional area of 11.4 cm

for each pipe.

In order to simulate space conditions the entire waste tank

was placed into a still larger Vacuum system of high pumping speed.

Since the flow conductance of the wire screens is large compared

to the combined conductance of the two venting pipes one finds

usually only small pressure differences between the three waste

tank compartments.

GENERAL RELATIONS AND IDENTIFICATION OF SUBSYSTEMS

Next the equations will be developed which govern the dynamic

behavior of the waste tank, In figure 1 the pressure in the upper

compartment of volume V 1 is PI' while the pressure in the remainder

of the waste tank (volume V 2) is designated as P. The pressure dif-

ference across the top screen is

AP=PI-P (I)

It is caused by the wire screen of conductance C(k I) in [_sec-l].

The symbol (kl) is attached as a reminder that the screen con-

ductance is a function of the composition of the gas which passes

through the screen. With these notations the flow characteristics

of the waste tank can be described by the following set of equations:

VIPI=QIn-C(kl)AP (2)

V2P-C (kl)_P-Qout (k2) (3)
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Qinin equation2 pertains to the incoming gas flow rate which is

produced in the upper compartment either by the sublimation of the

stored ice and/or by the dumping of gases or liquids through the

inlet nozzle. Qin therefore represents the generating system for

the gas flow and can be singled out as a subsystem, Obviously Qin

depends upon a number of parameters such as the mass and spatial

distribution of the stored ice on the baffle and the heat transfer

from the surroundings to the ice pile, On the other hand, Qin is

for most practical purposes independent of the tank pressure P,

with the exception of a strong pressure dependence in the vicinity

of the triple point pressure,

Qout pertains to the vapor flow rate through the two venting

pipes which represent another subsystem. Qout is mainly a function

of the tank pressure P and this functional dependence will be in-

tensively studied. The symSol (k2) is to indicate that Qout is a

function of the gas composition. In a dynamic situation (kl) can

be different from (k2).

The total volume V of the waste tank can be regarded as a

separate subsystem. The pressure P depends upon Qin and Qout in

Addition of equations 2 and 3 and use of equationa simple manner.

1 leads to:

Therefore

VP_Qin (kl)-Qout (k2)

In a quasi steady state condition:

Qin'Qout

(4)

(5)

Since the tank pressure P must build up through the contribution

(Qin-Qout) as a function of time, the volume V of the waste tank

acts as a "pressure buffer."

MEASIIREME_ OF Qin

Although the pressure drop across the screen is usually of

little significance it can be used as a measure for the vapor flow

rate Qin" The passages through the screen are very small, of the

order of l_m and as a consequence the vapor flow through the screen

is molecular in nature as long as the tank pressure is below 20

torr. In the molecular flow regime the screen conductance C is

independent of pressure and can be characterized by

C=g.(T/M) I/2 [£sec -I] (6)

157



g is a geometrical factor which depends upon the structure of the

screen, T is the absolute temperature of the gas at the screen and

M is the molar weight.

According to equation 2 one finds for a quasi steady state

condition:

Qin=C_P [tort _sec -I] (7)

By measuring the gas flow rate through the inlet nozzle with a flow

meter and the pressure drop across the screen, the screen conductance

can be determined experimentally, Such an experiment was carried

out at room temperature with CO 2 and N 2 gas. The result is shown in

figure 2 where _P in [mtorr] is plotted versus Qin in [tort £sec-l].

As expected a linear relationship results which is different for the

two gases. One can note, that the straight lines representing the

best fit to the experimental data do not cross the origin of the

coordinate system as is required by equation 7. Either the pressure

indicator for AP has a bias such that the measured value AP should
m

be replaced by

nP=AP+n [torr]

or the flow meter is biased and the measured value %

replaced by Q, where

Q=Qm+AQ [tort Zsec -I]

should be

(8)

(9)

or a combination of the two errors, Whatever the bias errors may

be they do not impair the accuracy when the screen conductance is

obtained from the slopes:

C= d__q_ (10)
d_P

With this procedure one obtains for room temperature the following

values:

C(CO2)=2.33xI04 [£sec -I ] (ii)

C(N2)-3,02xI04 [_sec -I ]

Note that under equal conditions one should find according to equa-

tion 6

C(C02)/C(N2).[M(N2)/M(C02)]I/2 = 28 1/2 ^(_) =_.796 (13)

By comparison the experimental values from equation ii and 12 yield

C(C02)/C(N2)=2.33xlO4/3.02x104=0,772

in satisfactory agreement with the theoretically expected value.
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The error is 3 percent.

Using the most reliable experimental values at a temperature

distribution closest to normal operational conditions one obtains

from the data in figure 3 the following value:

C(C02)=2.68xI04 [£sec -I ]

and consequently

C (H20) =2.68xi04 • (44/18) 1/2

=4.18xi04 £sec -I (15)

Through the calibration procedure of the screen conductance the

easily measured quantity _P can be directly related to the vapor

flow rate in the waste tank. The screen conductance can also be

obtained for other gases and mixtures of gases.

Qout AS A FUNCTION OF TANK PRESSURE

In this section the vapor flow rate through the combined action

of the two nonpropulsive vents will be investigated as a function of

the waste tank pressure P. It is assumed that a vacuum exists out-

waste tank with an external pressure Pext<10-6 Corr.side of the

When the pressure inside the tank equals the external pressure

the flow rate is obviously zero. For P<I0 -3 tort the mean free path

of the gas molecules is greater than the inside diameter of the pipes

and one has a molecular flow. For P>I0 -3 tort the flow becomes

laminar and viscous in character and the flow velocity at the end of

the pipe is steadily increasing with increasing pressure. When the

flow velocity reaches the Mach number M=I, a shock wave will reach

the exit of the vent, at which point the maxlmum pumping speed for

the vent has been reached. With increasing pressure only the density

of the gas can increase and as a consequence the flow is "choked" and

Qout becomes proportional to the tank pressure P.

More quantitatively in the region of molecular and laminar

flow one can approximate Qout by the use of Knudsen's semiemplrical

formulation

Qout=SL(P)'P (16)

with

D3 2_}sL(P)= i- {3"27x10-2 PD +_.62(_)1/2 1+0"147(_)1/2 P__D
_-- i+0.181 (_) 1/2 PI} (17)

2n

with the pumping speed for laminar flow, SL, in [£sec-l], the inner

pipe diameter D in [cm], the length of the pipes L in [cm], the

viscosity q in [poise], the molar weight M in [g/mole], the absolute
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temperatureT in [°K] and the pressure P in [torr]. Inserting the

values for water vapor one finds for the combined action of the

two pipes approximately:

SL(P)-2.21xI03p+39 [_sec -I] (18)

In general a theoretical calculation of the flow rate for Mach

numbers close to unity is difficult to achieve. Gershman and Lannon,

(Reference 1), subsequently referred to as (G&L) have carried out

such calculations taking into account the friction loss near the

duct entrance and the heat exchange of the flowing gas with the

pipe walls. From their res'ults one can conclude that an extrapo-

latlon of the flow rate to zero flow intercepts the pressure axis

at about 0.2 tort. This result holds for water vapor as well as

for nitrogen. The reason can be traced to the socalled"head loss,"

a pressure loss, which is caused by the friction of the flowing gas

with the pipe walls. Since the flow rate must converge to zero for

diminishing pressure the curve representing Qout(P) must end up at

the origin of the coordinate system. The pressure regi0n between

0.1 and 0.3 torr is of importance because the quasi steady state

pressure is usually in this range. An accurate knowledge of the

flow rate as a function of pressure yields therefore important in-

formation about the contamination contribution of the two nonpro-

pulsive vents inbetween dumps.

We shall now use experimental data to determine Qout(P) ex-

pllcltly. In figure 4 the pressure drop AP across the top screen

under a steady state condition is plotted versus the tank pressure

P during an admission of CO 2 gas. The data indicates that the flow

is indeed choked. When the experlmentel values for AP are extra-

polated to AF=0 the pressure axis is intercepted at about 0.2 tort

as predicted by (G&L) for N 2 and H20 gas. Combining the results

showa in figure B and 4 oBe obtains the bias free result

.S(C021 d_...q dQ • dA._pP=C(C021, dAPdP dAP dP p_ =331 [£sec -I] (19)

During numerous water dumps P and AP have been registered. There-
m m

fore the time derivative of Pro" _m is also known. One has to allow,

however, for the possibility that the measured values P and AP
m m

are offset by biases in the instruments as indicated by equation 8

and/or by

P-Pm+n (20)

But one can notice that

Reference i Gershman end L. E. Cannon, Performance Analysis for the

Skylab Waste Tank Nonpropulsive Vent System, Presented

to SAE Aerospace _luid Power and Control, Technology

Meeting, San Francisco, California, 16 October 1972
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-P (21)
m

Using equation 3 one can calculate qout as

(_e+n)-v2_%=c

= (CAP-V2P) +cq=qout+C_ (22)

In table I data and resulting calculations are shown for a 8.3 ib

condensate dump on 4/28/72. The result is plotted in figure 5.

For pressures >0.6 tort the data yield

d% = dQ=455 [gsec -1] (23)
S-H20-=() dP dP

m

a value which is free of bias error. For P<0.6 tort the experi-

mental points deviate from the linear relation. A great number

of water dumps have been evaluated and show exactly the same

behavior. It would serve no useful purpose to add more experi-

mental points. One can, however, state that the behavior shown

in figure 5 is highly reproducible. Figure 6 is a close-up of

figure 5 exhibiting more distinctly the deviation of the data points

at low pressure from a straight line. If the deviation is de-

signated as _p a plot of log _p versus P shows an empirical rela-
m

tion for _p(Pm ) as shown in figure 7 which can best be expressed in

the form

_P=_Po exp [-s(P-6po+6 p) ] (24)

where use has been made of the fact that the intercept of the linear

extrapolation of qout crosses the P-axis at

6Po=0.2 [torr] (25)

The value for _ is

_-1.68 [torr -I] (26)

The dashed extrapolation of the curve connecting the experimental

data in figure 6 is accomplished through the use of the dashed

line in figure 7.

If one follows this procedure one can determine the instru-

mental biases E and _. One finds

e=-0.05 [torr]

_=1.86 [m torr]

(27)

Using these corrections the two columms P and qout in table I have

been calculated. The result is shown in figure 6.
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It is worthwhile to note that (G&L) find theoretically for

water vapor at temperatures of 5°C and 60°C respectively, the

following values for the pumping speed.

Sth-462 £sec -I

Sth-454 £see -I

The experimental value for S obtained during the waste tank simula-

tion test is between the above mentloned values:

S -455 £sec -I

exp

This agreement lends credibility also the value of the pressure

loss _Po=0.2 torr.

In order to express Qout in a mathematical formula one can use

equation 24 to determine _p(P) and subsequently calculate Qout from

Qout"S [P- (6po-6p) ]

-{S[l-(6po-_p)/P]}P=Sc(P).P (28)

Here (6po-6p) is the pressure loss due to friction and Se(P) is the

pumping speed for the two pipes for choked flow.

For the purpose of a comparison the flow rate for molecular and

laminar flow as given in equation 18, is introduced into figure 6.

Below 0.06 torr the flow rate for molecular and viscous flow is

below the empirical extrapolated curve for choked flow. It is

threrfore reasonable to assume, that for pressures below the trans-

ition pressure Pt-O.06 tort the flow rate is limited by the lower

laminar flow rate. If this suggestion is accepted Qout can be

represented in the form:

Qout=S(P)P (29)
with

S (P) =S L [l-f_ (P-Pt) dP ]+Sc/_ (P-Pt) dP (30)

where the transition pressure Pt can be obtained from

S L (Pt) =Sc (Pt) (31)

One can check Qout at low pressure by using the observation that

in a quasi steady state condition the weight loss of the ice pile

in the waste tank is about 6 ibs per day, It has been observed,

that under these conditions the tank pressure is about 0.15 torr.

According to figure 6 or equations 24 and 28 the corresponding

value for Qout is

Q(0.15)_30 tort £sec -I
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This flow rate corresponds to a weight loss over a 24 hour period

of

30x3600x24x18
-6 ibs

760x22.4x454

in agreement with the directly measured weight loss of the ice pile.

DISCUSSION OF Qin

The quantity Qin has been identified as being characteristic

for the subsystem which generates the gas flow. For a gas dump

the behavior of the system is completely described by equations 2

and 3. Next we shall present the case of a liquid dump. To give

an example how Qin depends on different quantltles_ the variation

of Qin during the socalled '"oloclde dump" will be discussed. It

entails the release of 57 ibs of slightly contaminated water at a

rate of 2 ibs/mln which is equivalent to a mass flow rate

mo-15.1 [g sec -1] (32)

From data taken during this event Qi_% can be calculated from equa-

tion 2 as Qin.CAP+Vl _ (33)

The results are shown in figure 8 where Qin is plotted as a function

of the waste tank pressure. The data points are further charac-

terized by the time (minutes:seconds) after the bloclde dump was

started. One should add, however, that the water flow through

the nozzle did not start before (10:12).

One can assume that the main energy source for sublimation

during the dump is the stream of water. By comparison other heat

transfer mechanisms do not contribute to the sublimation rate Qin

to any appreciable extent. Due to its low heat capacity the presence

of the baffle can also be neglected for our purposes, We make the

further assumption that the temperature of the water upon entering

the waste tank is 22°C and that the pressure is well below the pres-

sure at the triple point (4.58 tort). Then one can estimate that

about 16 percent of the total mass flow rate m gives rise to a
o

vapor flow rate Qin(theory), while 84 percent of the water flow

will be deposited as ice on the baffle with a te_erature close

to the freezing point. Therefore the mass flow rate, m s , of the

sublimated water Vapor is

m -0.16 m-2.42 [g sec -1] (34)
8 o

which is equivalent to

Qin(theory)-2.28x103 [tort £sec -I] (35)
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which is shown as a dashed line in figure 8.

Qin(theory) is in reasonable agreement with the experimental

values observed at (13:00), (13:30) and (14:00).

After (14:00) a drastic decrease of Qin is observed. This

fast drop of Qin has obviously to do with the fact that at this

point the pressure in the waste tank has risen to a value where

the sublimation rate of the dumped water is significantly reduced.

This leads to the conclusion that not all of the dumped water will

be frozen immediately and that water close to the freezing point

will reach the ice pile.

A close look at the experimental points in figure 8 between

(14:00) and (17:30) shows that these values can readily be con-

nected by a straight line which, when extrapolated to the pressure

PT-4.58 torr at the triple point, yields

QinZb00 [tort £sec -I] (36)

By comparison one can calculate Qin which is expected at the triple

point for a mass flow rate m -15.1 g sec -I and a water temperature
o

of 22°C. One finds

Qin(4.58)=560 [tort £sec -I] (37)

in reasonable agreement with the experimental value estimated above.

What is more interesting, however, is the constant rate of

change for Qin(P) which is suggested by the straight line inter-

polation. One finds for the time interval (14:00) to (17:30)

d--qz-2800 [£sec-1]--2.8 [m3sec -1] (38)
dP

In order to connect this value with the theoretical expectation

one can derive a relation between the equilibrium vapor pressure

Po and the deviation 6P from equilibrium in a steady state condi-

tion as a function of the pumping speed, S, the surface area of the

source, A, the average thermal velocity of the water molecules,

ray, and the sticking coefficient, s (Reference 2). It is

_p=_ sP_f.__.4 _ _ __Qin• _4 (39)
Av s Av s

av av

Therefore

dQin dQin ._
d--'_'-P-'--d-@- _ Avav s (40)

Reference 2 G. Rupprecht, "Steady State Solutions Concerning the

Lox-Tank Venting System," Contract MC8-824000,

December 1971
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Theaveragethermalvelocity of water molecules at 0=C is Vav-

615 msec -1. Through the evaluation of photographs taken durlng

the dmnp the surface area of the ice pile can be estimated to Azlm 2.

Therefore the sticking coefficient becomes:

dqln . 1 4x2.8 =1.8xi0-2 (41)
s=-4(-_) J-V-" 1x61--_

av

Delaney et al., (Reference 3), have obtained the value

s=l.44x10 -2 in the temperature range between -Z'C and -13°C, while

H. Pataehnlck and G. Rupprecht _n a recent study found s-2xl0 -2 for

ice particles close to the triple point. Considering the uncer-

tainty _n Zhe estimate of the suEface area of the ice pile, the

value obtained here fits well into the range of expected s values.

The straight llne in figure 8 connecting the experimental value

between (14:00) and (17:30) constitutes an upper limit for Qin"

After some strong fluctuations on the part of Qin the situa-

tion stabili_es and comes to a quasi steady state condition after

(17:30) which lasts to the end of the dump at (37:48) when the watel

flow stops. During this time interval, the values for P and Qin

hover around 3.8 tort and 1700 tort £sec -I, respectively. One can

evaluate these values to calculate the pumping speed as

1700 torr £sec -I
=472 £sec -I (42)

S= (3.8-0.2) tort

a value which is slightly larger than the previously determined

value for water vapor at lower pressures. See equation 23.

At the end of the dump at (37:48), Qin drops again quite

drastically and remains in a transient condition, (Qin<Qout) •

What is changing in this time interval is the temperature of the

ice pile which decreases from near freezing to about -32°C. This

temperature change has been observed directly with a thermocouple

underneath the ice pile. The sublimation energy during this

transient time interval stems mainly from the ice pile which acts

as a energy storage. In order to check this assumption a simple

estimate can be carried out.

For about 4 minutes and 30 seconds, Qin is close to the theo-

retical value of 2280 tort £sec -I. During this time, 3.5 kg of ice

are generated. In the following 24 minutes when ice and water are

generated, one can define the fraction _ as

Qin (experlment) 1700
=0.75 (43)

_= Qin(theory) ~ 2280

Reference 3 L. F. Delaney & R. W. Houston & L. C. Eagleton, "The

Rate of Vaporization of Water and Ice," Chemical Engi

neering Science, 1964, Vol. 19, Pg. 105-114
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and calculate that under these circumstances the fraction of ice,

i, and the fraction of water, w, which are produced. One finds

i (AT+L) (AT+H)

i= _ {_" _T+L+H -AT)=0.52 (44)

l

w= _ (I-_)(AT+L)=0.35 (45)

H is the energy of sublimation in [cal g-l], L the latent heat in

[eal g-l], AT_32OK. At the end of the dump one has 14.5 kg of ice

mixed with 7.4 kg of water at the freezing point which can deliver

upon cooling the total energy of

E'-(21.9x32x0.49+7.4x80)kcal=935 kcal (46)
s

On the other hand one can estimate the sublimation energy from Qin

during the time interval (38:00) to (80:00), assuming that by (80:00)

the majority of the stored energy has been spent. Through integra-

tion one finds

/s0:00)

Es_ I Qi dtzl.62x106 tort £=925 kcal (47)

J(38:00)

A comparison between E and E' shows reasonable agreement be-
s s

tween the two values and strongly suggests that the ice pile is

indeed the essential source of sublimation energy. For this reason

the temperature distributions of the surrounding is of negligible

influence during and after the dump up to this point in time.

Later, however, as a quasi steady state condition is approached,

the radiative heat transfer to the ice pile becomes important and

to a lesser degree the heat transport due to the heat diffusion

through the moving vapor. These problems concerning the quasi steady

state condition a long time after the dump have been treated elsewhere

(Reference 2).

Instead we shall report the observation of a phenomenon which

was quite unexpected. It pertains to the influence of C02 gas on

the sublimatation rate of the ice pile, i.e., on Qin" The original

idea was to probe Qin independently with a simple method which is

insensitive to the bias of the instrumentation. For this purpose

CO 2 gas was admitted through the nozzle until the pressure in the

waste tank had risen to a certain level (=i tort). Then the gas

was shut off. The assumption was that the ice pile would produce

Qin just as before the admission of CO 2. The concentration of water

vapor in the upper compartment would first become much greater than

in the rest of the tank. Therefore (kl) in equation 2 would be

different from (k2) in equation 3. With increasing time, however,

522-137 O - 73 - 13
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the CO 2 gas in the waste tank would be replaced entirely by water

vapor and (k2)+(kl). The time it takes to replace the CO 2 gas by

water vapor was thought to be a convenient measure of the sublimation

rate of the ice pile, i.e., a measure of Qin" It did not work out

as planned, however.

The observation is reported in figure 9. Prior to time t=0,

the pressure was held constant for a short while at Pm=l tort by

admission of CO 2 at an appropriate flow rate. At the same time

the pressure drop &P across the upper screen was constant at
m

AP =11.7 mtorr. At t=O the CO 2 gas flow is stopped. As a con-
m

sequence AP m drops immediately to about 2 mtorr; drops a bit

more and rises to a constant level after 30 minutes. The pressure

on the other hand decreases continually as is also shown in figure

9, to a constant level about 30 minutes later. The slight drop of

&P in the first few minutes can be understood on the basis that
m

C(H20)<C(C02) , and that it takes some time to clear the upper com-

partment of CO 2 gas. A rise of APm on the other hand is expected

because S(H20)>S(CO2). The solution of equations 2 and 3 for the

proper boundary conditions concerning (kI) and (k 2) has been carried

out for a sequential series of experiments considering Qin as the

unknown. The result of these calculations is shown in figure i0.

After a dump of I0 ibs of condensate on top of an existing ice pile,

Qin is shown as a function of pressure. As the pressure has de-

creased to about 0.7 torr, CO 2 gas is added to bring the pressure

up to about 1 torr. Then the CO 2 flow is shut off. Qin is now

supplied solely by the ice pile. While it was expected that Qin

would be unaffectad by the presence of the CO 2 gas the experiment

clearly shows a strong reduction of Qin marked as Event #25. As

time passes, Qin recovers to its original value. In subsequent

events, for lower H20 pressure the effect of a CO 2 purge becomes

even more pronounced. This observation shows that the presence of

various gases and vapors may have a pronounced effect on the sub-

limation rate of the waste tank content and opens the possibility

of influencing the contamination of the space environment. Of

course, under these circumstances the use of CO 2 as a probe for

Qin had to be abandoned.

172



Pm

(torrl

1.0

0.9

0.8

0.7

0.5

0,4

0.3

0.2

0.1

[= tort|

--10 ,

Pm

5-

/&PI j

f

I0 20 30 40 [minutes)

TI_

IC

0.1

173



ACKNOWLEDGEMENT

The author likes to express his appreciation to

Mr. E. B. Ress and Dr. R. Rantanen of the Martin

Marietta Corporation in Denver for fruitful discussions,

to NASA for contractual support and to Ms. Debra Strange

and Mr. A. Spamer for helping with the data evaluation

and the numerical calculations.

174


